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Phase- and polarization-dependent optical processes involving pulses with frequeracidsay

can be used to independently control electron and spin density in zinc-blende semiconductors such
as GaAs. One such process is quantum interference cd@taIC) where interference between
transition amplitudes associated with one- and two-photon absorption alters the carrier/spin
generation rate. A second process, which has been acknowledged but not utilized, is cascaded
second-harmonidCASH) generation in which phase-dependent upconversion/downconversion
between the two pulses modulates the [2ulse intensity and/or polarization and hence modulates
the carrier or spin generation rate by single-photon absorptionwat2re we report the use of
(110-oriented GaAs/AlGaAs quantum wells with a 500-nm AlGaAs buffer layer to enhance CASH
and to allow independent control of spin and carrier densities. Experiments conducted with
100-fs pulses at 775 and 1550 nm or at 715 and 1430 nm, with different polarization states and with
different sample orientations, show how QUIC and CASH processes vary with excitation frequency
and demonstrate the dominant role played by CASH. We point the way to achieving nearly 100%
control through CASH. @005 American Institute of Physid©OI: 10.1063/1.1879079

I. INTRODUCTION quantum-well (MQW) sample, and we illustrate how the
relative amplitudes of CASH and QUIC processes are depen-
Over the last decade coherent optical control of electrorient on optical frequency, beam polarization, and sample ori-
or exciton density has been demonstrated in bulk, quantursntation. The symmetries of carrier density control and spin
well, and quantum dot semiconductdré.In addition, be-  control are quite different than for th@11) GaAs used in
cause circularly polarized light can be used to inject spinprevious studie$;® and here we investigate these symme-
polarized carrier$, coherence control of electron spin has tries in more detail. Owing in part to the long spin lifetimes
also been observ&and may play a key role in the field of that have been observed110-GaAs/AlGaAs quantum
semiconductor spintroniés’ For example, with the appro- wells also have shown promise for use in spintronic
priate choice of beam polarizations two-color coherent conappncationsl,l CASH was discussed previously in the con-
trol techniques have been useditdependentlyontrol car-  text of carrier density control, but was deemed to make a
rier and spin densities if111)-oriented bulk GaA$=® I small contribution for the sample us&&or the experimental
these reports;® control was attributed to quantum interfer- conditions used here—which are significantly different from
ence contro(QUIC) arising from interference between the those in Ref. 4—we will show that CASH dominates control
quantum mechanical transition amplitudes for the two-of both carrier density and spin.
photon absorption of a fundament@) pulse and the one- We begin by briefly outlining the basic theoretical con-
photon absorption of a second-harmot@e) pulse?~**? cepts behind QUIC and CASH. This is followed by a discus-
In this paper, by contrast, we report two-color control sion of the experimental techniques used to observe QUIC—
that is dominated by a cascaded second-harm@@ASH)  CASH in the (1100 MQW sample using femtosecond pulse
process, and we show how CASH can be used to enhangcitations for different polarizations and at different pairs of
coherent control of carrier and spin densities. Specificallyfrequencies. The data are compared with the theoretical pre-
we demonstrate independent coherent control of carrier defictions for polarization- and sample-orientation-dependent
sity and spin in a(110-oriented GaAs/AlGaAs multi- control. The last section of the paper summarizes results
which provide additional evidence that CASH processes
¥Electronic mail: art-smirl@uiowa.edu dominate both spin and density control in the sample used
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here, with a control which is larger than that previously ob-GaAs ¢ has only one independent componefit’, where
served and, which, with an appropriate sample design, mighd, b, andc indicate the directiong100], [010], and[001], or
allow for optical phase- dependent control approachingheir permutationd.For materials withTy symmetry, the spin
100%. control pseudotensaf, has two independent componeﬁts,

La=1mEP2and s =1mz3% In a sense; can be thought

of as the difference between the “spin-up” and “spin-down”
Il. THEORETICAL CONSIDERATIONS pieces of Iny,.
A. QUIC

Following earlier work$® we consider a two-color field,
E(t)=|E, | % '8 +|E,,|€P20e?“%, +c.C., consisting of B. CASH
a fundamental beam at frequeneyand polarizatiorg, and
a copropagating second-harmonic beam with frequeney 2
and polarizatiorg,,,. This beam is incident on a semiconduc-
tor with band-gap energg, with the frequencies chosen to
satisfy iw<Ey<fi2w. The local carrier density injection
rate can then be written 48

In contrast to QUIC, CASH is a nonlocal process that
causes an enhancement or suppression of the carrier and spin
density as the result of a phase-dependedirect energy
transfer from the optical beams to the semiconductor via a
cascaded process associated with the real or imaginary part
of the second-order susceptibilijy.
n=n,, +n,+n,. (1) If the cascade is associated with theyRethe first step

i ) , _inthis cascade is the direct transfer of energy betweendhe 2
The first two terms on the right-hand side refer, respecuvelyand » beams as a result of frequency up- or down-

to the single- and two-photon generation rates when acting,ersion in the sample. This conversion process does not
independently. The single-photon absorption ratenjs  iyyolve direct energy exchange with the crystal, but because
=2e0h ™" Imxi|Ey, % wherey, is the linear susceptibility at ¢ i A¢ dependence, it leads to a phase-dependent modu-
2w; a related expression exists for the two-photon absorptioflio of the 2, field. In turn, this modulation of thea field

rate m;:olvmgx_g, th? thlr(:-orde;]no_nllne;ar suscek?tlbnny terrl]- can produce a phase modulation of the one-photon injection
sor. The termn, arises from the interference between the ¢ c4prier densityy,,, which depends on theaintensity,

quantum mechanical transiti@mplitudesfor one- and two- nd th rier spin densit neration 1 which d
photon absorption and represents a carrier density contré € carrier spin density generation eﬁgu ch de
&jjlds on the @ polarization state(In principle, of course,

that can enhance or suppress the generation rates associat 4 equency conversion brocess also modulates dhe
with single- or two-photon absorption. The interference termb q y proc .
eam; however, under our experimental conditions where the

can be expressed as . .
”p L amplitude of thew beam is much larger than that of the 2
n|:§*,JkELUE{UE'§w+c.c., (2) beam, the cascade process induces very small fractional

where the indices,j, andk represent Cartesian componentsclh'f:m_ges in the, beam? and thus, lfor s!mpI|C|t.y, this dIS(.:US-

of the fields with repeated indices summed over. fihde-  SION ignores the resulting modulationsipfands,.) Thus, if

pends on the polarizations of theand 2» beams and on the e 2v intensityis modified by second-harmonic generation

phase differencé ¢=2¢,— b,,. The density control tensor (_SHG) the_ carr|e_r_den3|ty will _be r_nodulat_ed._lf ifolariza-

& is related to the imaginary part of a second-ordertion stateis modnﬁed_, the carriespin densitywill be modu-

susceptibility‘."lz ‘ﬂjkzz%ﬁ—l |le§ij(_2w; w, o). lated. Thls process is a cascade in th_e sense that_ a frequency
We can similarly write an expression for the local gen-CONVersion process is followed by a direct absorption process

eration rate for spin density polarized along thirection as (-8 Réxz followed by Imx,). Itis interesting to note that the
second step in this cascade requigs: 2w, but the first step

S= S‘QZw + §w + S (3 does not. Consequently, the two steps in this cascade process
can be completely separated and can occur in different ma-
) ) o e Serials within the same sample, or the frequency conversion
photon absorption and can be written 85={1"E} Eb,; @ can take place external to the sample in a separate crystal.
related expression involving a fifth-rank tensor exists for Similarly, there is also a cascaded process associated
spin generation via two-photon absorption. Like thexim \ith the Imy,. The first step in this cascade is the QUIC
tensor, for materials with cubic symmeti§, has one inde- process described in Sec. Il A. QUIC produces a phase-
pendent component. The properties &f follow from the dependent enhancement or suppression of ther® thew
usual optical selection rules, which dictate that circularly PO-energydirectly deposited in the sample, which in turn pro-
larized light injects spin-polarized carri€té The third term duces a modulation of the«2intensity or polarization, which
in Eq. (3) is related to the quantum interference between thyj|| result in a modulation of the carrier density through
single- and two-photon processes with one-photon absorption of«? or a modulation of the spin

& — Al i ke el density through one-photon spin injection by.2Thus, the

S=4"EE Bt oo @ cascade associated with the ygnis a QUIC process fol-

The tensorsg, and ¢, reflect properties of the crystal lowed by a direct absorption proce§., Imy, followed by
including its symmetry. In GaAs, because differences in  Imy4). In contrast to the cascade associated with thg,Re
the & and ¢, tensors carrier and spin density can be inde- both steps in this cascade requiEg> 2w, and cannot be
pendently controlled. For crystals witfy symmetry(e.g., fully separated.

The first term represents generation associated with singl
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TABLE I. Calculated QUIC contributions to carrier density control and spin
control. CASH predictions can be found by changing ¢rend { constants,
settingr=0, and modifyingA ¢.

Polarizations Carrier density control Spin control

w 20 h|:2§‘|”‘bc‘ E2wHEm|2X SZ=(§IA+2{IB)‘EZLU”EM|2X
X X -3 sirfa cosy oA ¢ sina(3 coga—1)sinA¢
X ¥ sina(3 coga—1)cosA ¢ (r+3 sin?a_)cosy sinA ¢
o o (3/2V2)cos\ ¢ (3/2V2)cosA

o o~ -(1/2V2)cosA ¢ (1/2y2)(1+2r)cosA ¢

Because the cascaded S_HG process Is spatlally dIStrlth 1. Experimental geometry: BBO generates PBS is a dichroic beam
uted and does not necessarily occur where the one-photagiitter; P,\/2, and\/4 are a polarizer, half-wave plate, and quarter-wave
absorption processes do, an analysis of CASH must accounlgte; PEM is a photoelastic modulator; L and M are a lens and a curved
for propagation effects. Nevertheless, we can understand trﬁ;’ror. Inset: scl'_nematlc of sample showing crystallographlc directions and

. . aboratory coordinate system. The angle betweamnd[001] is a.
symmetry properties of these processes by writing tensor ex-

pressions for the CASH contributions to carrier and spin den- ] )
sity control. If thew field is not depleted, these expressionsNote that for density control, QUIC and CASH have equiva-
are very similar to Eqs(2) and (4): lent &« dependence, but for spin control, QUIC has a different

) TR a dependence than CASH for= 0.
An,, = ¢XEVEES, + c.c., (5

AS,, = ME'EFE, +c.c., (6) . EXPERIMENTAL TECHNIQUES

where the electric-field amplitudes are those incident on the For the experiments we use the setup illustrated in Fig.
sample. The effective cascaded tensors can be written ds The~100-fs fundamentdlw) pulse, with wavelength cen-
o (ImyA™ x and ¢ o fMyMk and can incorporate tered at 1.55 or 1.4am, is generated in an optical paramet-
propagation effects. Sincg, is effectively a scalar in a ma- ric amplifier (OPA) that is pumped by a Ti:Sapphire laser-
terial with Ty symmetry,&- has the same symmetry §sand  seeded regenerative amplifier operating at 250 kHz. SHG in
the QUIC and CASH contributions tensitycontrol cannot  beta barium boratéBBO) produces @ pulses at 0.775 or
be distinguished by symmetry considerations alone. For spifi.715um. A scanning dichroic Michelson interferometer
control, since/; has only one independent component for acontrols the phase differenck¢, and the polarization of
material with T4, symmetry, the cascaded tensor has one ineach pulse is independently controlled with wave plates and
dependent complex componedf™®® it has the same sym- polarizers. The two pump pulses are recombined collinearly,
metry properties ag, only if /,4,=0. In general;, depends are temporally overlapped, and are focused at normal inci-
on w. Therefore, QUIC and CASH contributions to spin con-dence onto the semiconductor sample.
trol can have the same differentdependences on polariza- The probe pulse, with a wavelength of 0.8in, is de-
tions and sample orientation, depending on the valugof rived from the output of the regenerative amplifier after it
has been used to pump the OPA, and it monitors the density
and spin of pump-injected carriers. The probe is spatially
C. QUIC and CASH in [110] GaAs centered on the pump spots aqd arrive8 ps after the
pumps, after the carriers thermalize but before the spins of
We have used Eqg2) and (4)—(6) to calculate carrier the electrons relax.
and spin density control foo and 2» pulses propagating The sampl& is a MQW structure consisting of 20 peri-
along thg 110] axis in bulk GaAs. For defined as the angle ods of 8-nm-wide GaAs well§Eg~1.45 eV} alternating
between the |ab0rat0w axis and th€[001] Crystallographic with 8-nm-thick AbSGa)YAS barriers(Egz 1.80 e\J, Origi_
axis, Table | shows the expected values for QUIC as a funcna”y grown on a(110-oriented GaAs substrate with an
tion of @ and A¢ for four different polarization configura- Al Gay-As etch stop layer grown between the MQW and
tions. To simplify the expressions, we define-2{ia/({in  the substrate. The MQW is glued to a glass window, and the
+2{p). GaAs substrate has been removed with a selective etch, leav-
The CASH predictions for carrier density contfdin,,)  ing an~500-nm-thick A} {Ga, ;As etch stop layer on top of
can be found from Table | by changing® to ¢ and  the MQW. This sample is held at room temperature, and can
changingA¢ to A¢+6p, wheredp is a phase that incorpo- pe rotated about the 10] axis, as the Fig. 1 inset shows. The
rates propaga_tion effects. To find the CASH predictions for, and w irradiances are typically anet190 MW/cn? and
spin control(AS;,) from Table |, we can substitu{¢2® for ~ ~14 GW/cnf, respectively. The carrier density resulting
{is, set{,a=0 (hencer=0), and changé ¢ to A¢p+ S, where  from the one-photon absorption of w2 is n,,=7
8 is a phase related to propagation effects. Since propaga< 10'7 cm 3, and the density from the two-photon absorption
tion effects are included, the parametéd¥’, |£°3, 5,, and  of wis n,~(7-10 x 10" cm 3, where the latter depends on
s all depend on sample structure and excitation conditionsw polarization and angle.**
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IV. POLARIZATION- AND SAMPLE-ORIENTATION-
DEPENDENT CONTROL

In the first set of experiments with 1.55-0.74% pump
beams (AE=/2w—-Ey;=150 meV for GaAs entering the
MQW after passing through the AlGaAs layer, we measured
the change in carrier densityn and spinAS as a function of
the phase\ ¢ while systematically rotating the sample. Four
pump polarization combinations were used: orthogonal lin-
ear, parallel linear, same circular, and opposite circular.

Figure 2 illustrates typical measurementsof/n, and
AS/S, as a function of theA¢ phasé’—in this case for
orthogonal linear polarizationénith &, polarized alongx
and@,, alongy) and for two sample orientationa=95° and
a=55°. At =95°, &, is nearly polarized alon§j110]; for
this orientation, there is a large density control signal but

-10 ] little or no periodic modulation of the spin, at least within the
0 1 2 3 4 noise level of the data. By contrast, @t 55°, for whiché,,
A¢ (Radians/r) is approximately parallel tp111], the phase\ ¢ controls the

FIG. 2. Measured fractional change (@ carrier density andb) spin den- Spln, b.Ut de.nsny control is nearly zero. The amplitudes of the
sity for orthogonal linear excitation with 1.55 and 0.7#6 pump-beams ~ Sinusoidal fits to the phase-depgndgMnO andAS/§, data

for =55°(+) and 95100). The solid curves are sinusoidal fits to the data. were extracted and are plotted in Figéa)3and 3b), respec-
tively, along with the peak amplitudes extracted in a similar
fashion for other sample orientations. These data show dra-

matic variation as a function af. Clearly, for fixed orthogo-

tAn, we r_neaZL_JrreA the p_hase-del_pendlent dllﬁ?regt'al Fk))mbﬁal linear polarizations, we can choose a sample orientation
ransmission, AT(A¢), using a linearly polarized probe to control the density onlf{a~90°, 2709, the spin only

pulse, which is equally sensitive to carriers with spins alon 55° 135° etd. both(30°. 80°. 110°. 150°. etr.or neither
+z and -z This signal is normalized by the differential ,g,oo ’1803 , eto, (307, 80°, , , etg. i
tr_ansmission induced by the average background carrier den- ,In contrast, foparallel linear excitation(both@, ande,,
sity, No=(nz,,)+(n,,), where() denotes an average ovag. alongX), the o dependences of density control and spin con-

To m°”“°r theAqS-de_zpendent change ‘T‘ net spin_alongtrol are reversed, as evidenced by the data in Figs.&hd
the z axis, AS, we use circular probe polarizations, since a3(d). Hence, at a fixed sample orientation such as 55°, we
- ~ _ . . ~ 4 . L )
Ieft-cwgularly (07) or 'rlght-C|rcuIarIy (%) polarlzed probe' can choose parallel pump polarizations to control density but
pulse is most sensitive to saluéuratlo_n of carriers with sping, spin, or we can choose orthogonal polarizations to con-
ZlonAg zor h_ Z reipectnl/el_].' To find ﬁsl W?j lr)neasAu_re trol spin but not density. At another fixed orientation such as
T( ff) ‘?Sht € [r)]ro el po.arlzat|or|1 IS mohy ate gtvyeen a=90°, this result is reversed, and parallel polarizations
and o™ with a photoelastic modulator. This quantity iS nOr- ool spin, while orthogonal polarizations control density.
malized by the measured average total spin injected Wheﬂinally, the data in Figs. @) and 3f) show that for either
both 2 and w pulses ares” polarized, §=(S},, ) opposite circulaK@, is o, &,,, is &%) or same circulatboth

To monitor theA ¢-dependent change in carrier density

+<S(ZU(&_)>. 0”) excitation, both density and spin can be controlled—
Orthogonal Linear Parallel Linear Circular
9%0° 9%0° 90°

(@)

FIG. 3. Top row: measured peak phase-dependent car-
rier density control. Bottom row: measured peak spin
control. Thew and 2» pulse polarizations aré) and

(b) orthogonal linear(c) and(d) parallel linear, ande)

and (f) opposite circular(solid squaresand same cir-
cular (open circleg All the data are taken witlAE
=150 meV. The solid curves are simulations of CASH
and of QUIC(for r=0).

Spin Control
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Orthogonal Linear Parallel Linear Circular
90° 90° 90

(@)

FIG. 4. Same as Fig. 3, except the data are taken with
AE=280 meV. CASH simulationésolid curves use a
single value of|¢2 and a single value of2™ for all
polarizations. QUIC simulation€or r=1.7) are repre-
sented by the dashed curves(ip) and in (f) for the
same circular polarizations; otherwise, QUIC simula-
tions are also represented by the solid curves.

Population Control

Spin Control

independent of sample angle. The data in Figs. 2 and 3 thereaents with 0.715- and 1.4@m pulses(AE~280 me\)
fore illustrate that several parameters can be used to indepewere undertaken. The results are shown in Fig. 4 as a func-
dently control carrier density and spin, including the phasesion of «, albeit over a more limited range: —30a<<210.
and polarizations of the excitation fields and the orientatioriThe results are very similar to those in Figs. 2 and 3—both
of the semiconductor crystal. qualitatively and quantitatively. The predictions of the CASH
To compare the experimental results to the QUIC andheory of coherent control of population and spin acting
CASH theories, we refer to Table I. Interestingly, thede-  alone are shown by the solid curves in Fig. 4, and they again
pendence of the expressions in the first two rows of Table provide good agreement with the data.
(for r=0)—as well as the data in Figs.(&-3(d)—match Expectations for the QUIC theory, as given in Table I,
those for the parallel and perpendicular components of SHGowever, are significantly different foAE=280 meV,
from (110 GaAs that were first measured more than 40where our 14-band calculations of the spin control tensor
years ago““.8 This is not surprising sincé, has the symmetry predictr=1.7. All of the QUIC carrier density control terms
of x,. However, Ducuing and Bloembergen measured onlyand the QUIC spin control terms for parallel linear and for
SHG, not the coherent control of carrier density and spinopposite circular polarization are independentr ofConse-
The component of the second-harmonic beam with the samguently, the solid curves in Figs(a and 4c)—4(e) and also
polarization as the incident2pulse leads to density control, represent the QUIC predictions. The QUIC calculations for
while the component of the second-harmonic beam whosthe spin control for orthogonal line&ky) and same circular
polarization is orthogonal to the incident2ulse leads to (o70") polarizations are shown by the dashed lines in Figs.
spin control. 4(b) and 4f), and they differ significantly from the CASH
To compare the Table | expressions with the experimenpredictions. For example, faxy polarizations, CASH pre-
tal results, simulations of CASH are plotted in Fig. 3 using adicts no spin control at 0° and 180°, while QUIC predicts
single value ofi¢2° and the best-it value of2™ for each  substantial control. Also, aAE=280 meV, QUIC predicts
data setalthough¢2™ is varied no more than 20% from its that spin control fo~6~ should be 1.5 timefarger than for
mean valug For all polarization configurations, the CASH o~ ¢*, while CASH predicts that it should be 3 timssaller.
theory reproduces all of the essential features of the datl addition, QUIC predicts that spin control for o™ excita-
without requiring special constraints on any parameter. Theéion should be~2.9 timeslarger than foro™¢™ excitation at
QUIC theory, by contrast, agrees with these data ontyif AE=150 meV, but, by contrast, that it should be 1.5 times
approximately zero. Fourteen-band calculatiSms the spin  smallerat AE=280 meV. Alternatively, if CASH acts alone,
control tensor elements predict that, althoughand (g are  these behaviors should edependenbf AE: spin control
slowly varying functions ofAE, they do pass through zef®. for 66" excitation should be exactly 3 timésrger than for
As a result, the magnitude and sign ofshould depend &7 ¢ . All of the tendencies in the data strongly indicate that
strongly on electron kinetic energy. TheE used for the CASH dominates spin control.
measurements shown in Fig(i%., AE=150 me\} was cho-
sen so thatr is small (r=0.012. Under these conditions,
CASH and QUIC predict the same dependence on sampl\é'- QUIC VERSUS CASH: DEPENDENCE

orientation. Consequently, the data in Fig. 3 provide no in-ON PROPAGATION DIRECTION

formation about which process dominates. We can obtain additional evidence for the importance of

) CASH by investigating the dependence of the carrier and
V. CASH VERSUS QUIC: FREQUENCY DEPENDENCE spin density control on propagation direction through the

To help determine whether CASH or QUIC is the domi- sample. First, with the 1.55- and 0.7/&n pulses with op-
nant process for our sample, spin and density control experposite circular polarization entering the sample through the

Downloaded 09 Feb 2006 to 128.100.93.120. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



093709-6 Stevens et al. J. Appl. Phys. 97, 093709 (2005)

(b) VII. DISCUSSION

AT
.20 > We have also performed detailed calculations for density
control and spin control that include both QUIC and CASH.
These calculations incorporate one-dimensional propagation
effects, reflections at dielectric interfaces, and pump deple-
tion in a rigorous manner using Maxwell’s equations, follow-
ing the method of Frasest al*® and modified where neces-
sary to include spin control. The GaAs and AlGaAs layers
are treated as bulk material, and the linear and nonlinear
optical properties used in these calculations either are experi-
mentally measured values taken from the literdtate or

are calculated using a 14-band motfelVe use the ratio
Imy,/Reyx,=0.32, which was experimentally determined by
Fraseret al. in bulk GaAs® These calculations agree very
well with the a-dependent data in Fig. 3.

Using these values for the optical properties, however,
the propagation calculations do not reproduce the large mea-
sured decreases iin and AS that result from flipping the
sample as shown in Fig. 5. Nevertheless, we can obtain rea-
sonably good agreement with the data in Fig. 5 by adjusting
the values of Rg,, Imy,, and{;. We have varied these over
large ranges, and find that CASH is the dominant mechanism
-10 : : . . . in the samples considered here, for bath and AS for any
choice of these parameters that produces even approximate
agreement with these data. Adjusting these and other param-
FIG. 5. (a) Excitation geometry used for the data in Figs. 2 and 3: beamsEte€rs is reasonable in part because the initial values are taken
enter the sample from the AlGaAs sidb) Flipped geometry: beams enter from bulk material, while the experiments are done in quan-
from the MQW side. The lower plots show measufeddensity control and 4,1, \yells. Thus the data in Fig. 5 exhibit a clear indication
(d) spin control foro~¢™* excitation atAE~ 150 meV. The solid square data . . .
are obtained using geometf), open circle data using geomeiy). that CASH dominates both density control and spin control.

In addition, we can use these propagation calculations to
corroborate the symmetry analysis of CASH introduced in
AlGaAs layer, as illustrated in Fig.(8, we measure the Sec. II. If we remove the effects of QUIC by setting g
fractional changes in charge densiy)/ny, and spinAS/S,,  =¢,=0, the predictions oAn,,, and Ang,, from these propa-
as a function of phase\¢; the data are represented by the gation calculations exhibit the sanaedependences as those
solid squares in Figs.(6) and 8d). When the beams enter in Table | modified for CASH.

A¢ (Radians/r)

first from the quantum well side, as shown in Figbf the Note that the symmetry predictions in Table | are spe-
carrier density,An/n, al_"ld SpI!"I,AS/So, measurements are cific to a bulk zinc-blende semiconductor, such as GaAs,
indicated by the open circles in Figsichand Hd). which hasTy symmetry, whereas th@10-oriented quantum

These results can be understood by recalling that SHGells used in the experiments ha@g, symmetry. However,
occurs in GaAs and pkGa 7As, since the real part of, is  the Ty predictions can be shown to be special cases of the
nonzero inboth By contrast, one-photon absorption ab2 predictions forC,,. As evidenced by the agreement between
light and QUIC can occur only if 2o >Egy, where Imy, and  data and theory in Fig. 3, the more general bulk theory pre-
¢, are nonzero. Thus, for a 0.776m (A20=1.6 €V) pump  sented in this paper is a good approximation for the quantum
beam, one-photon absorption ab2ight and QUIC will oc-  well sample studied here. Furthermore, since CASH domi-
cur in the GaAs, but not in the AkGa, ;As barriers or in the  nates density control and spin control, and since the AlGaAs
etch stop layer. Thus, when the beams first pass through thetch stop layer ha$y symmetry, it is not surprising that the
AlgGa-As [Fig. 5a)], significant phase-dependent cas-data exhibitT, symmetry.
caded SHG occurs in this layer—before the Pulse en- Finally, we also expect to optically injectrrentsin this
counters the MQW, where QUIC, additional CASH, and one-geometry due to QUIE**?4"2%and, if the sample is under
photon absorption of & light will occur. In contrast, when some strain, due to the photogalvanic efféd’ However,
the beams enter through the MQWSs, CASH still occurs in thehe fractional change in carrier density and spin resulting
Al, Ga, 7As etch stop layer, but too late to affect QUIC or from currents is typically quite sma&#?°(~0.1%). Spatially
the one-photon absorption ofv2n the MQWs. Clearly, we resolved measurementsot shown confirm that the much
obtain much largeA ¢-dependent control when using the larger modulations observed in Figs. 2-5 are a measure of
Al sGa 7As layer as a kind of a “preamplifier,” indicating phase-dependent changes of thesrall carrier density and
that the cascaded process dominates both population contrghin.  In  contrast, previous measurements of QUIC
and spin control in the configuration shown in Figa)s currentd®*%?8yere done withw and 2v pulses propagat-
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